Some theoretical aspects of the desorption of a column-bound protein by elution with its biospecific ligand are considered in cases where, in comparison with the unliganded protein, the protein-ligand complex has a diminished but finite affinity for the adsorbent. A quantity termed the biospecific sensitivity, B, is introduced to facilitate comparison between different systems. Biospecific sensitivity may be defined as the fractional change in standard free energy of adsorption on formation of the protein-ligand complex. The effects of a moderate-to-low biospecific sensitivity on theoretical desorption profiles have been examined by using a computer simulation of the classical multiple-plate column model. Desorption was simulated under various boundary conditions involving proteinadsorbent and protein-ligand affinities and the initial concentrations of adsorption sites, protein and ligand. These simulations suggest that, when the biospecific sensitivity is low, desorption is optimized if (a) the unliganded protein is adsorbed as weakly as possible, (b) the column is loaded to near-saturation with the required protein, (c) the free ligand concentration is many times greater than that giving near-saturation of the protein in free solution, and (d) protein contaminants with high affinity for the adsorbent, and present in large amount, are removed in preliminary purification steps.
The desorption of column-bound proteins by elution with their biospecific ligands is a powerfully selective method of protein purification. It is used in affinity chromatography, where it is usually viewed as a competition between immobilized and free ligands (O'Carra, 1978; Mosbach, 1978) , and in biospecific-elution (affinity-elution) chromatography, where it is viewed as the perturbation of a largely non-specific adsorption, i.e. not involving predominantly or exclusively the ligand-binding site on the protein (von der Haar, 1974; Scopes, 1977a,b; Yon, 1977) . In both cases desorption is due to the formation of a specific protein-ligand complex whose affinity for the adsorbent is lower than that of the free protein.
In general only some of the weak non-covalent bonds involved in the adsorption of the protein are perturbed by introducing the ligand whereas others are not. This is certainly the case in those intances of affinity chromatography in which non-specific bonds are known to be involved. In an attempt to incorporate this distinction into theoretical discussions of biospecific desorption, and to find out how much nonVol. 185 specific 'interference' can be tolerated, a parameter termed the biospecific sensitivity was introduced and its effects on computer-simulated desorption profiles were examined. These developments are described in the present paper.
Computer Simulation
The theoretical elution profiles shown in the present paper were produced by a computer program that modelled the column as the classical stack of plates. The progress of solutes down the column was treated as a succession of alternating advances and equilibrations (Martin & Synge, 1941; Morris & Morris, 1976) This simplified treatment will probably be strictly applicable to rather few cases; however, it will be a rough approximation in many more cases, since most actual weak bonds (hydrogen bonds, ionic bonds and hydrophobic 'bonds'), though not equivalent, in fact vary by not much more than one order of magnitude (Barker, 1971 (b) Magnitude ofB. The effect of varying the biospecific sensitivity is shown in Fig. 2 , for two values of KPA and of sample concentration. The sample concentrations were such as to nearly saturate the column, as shown by the incipient leakage of protein. Desorption conditions were the same as in Fig. 1 . As expected, when KPA = 106 m-1 and B approaches 1 the protein is desorbed in a high-concentration peak of less than 1 column-volume and in 100% yield. A considerable amount of non-specific adsorption can be tolerated without affecting this mode of desorption, as shown by the fact that the desorption profiles at B = 0.6, 0.8 and 1.0 are practically indistinguishable. As B is decreased below 0.5 the desorbed peak becomes increasingly diluted and extended; however, even when B is as low as 0.2, about 90% of the desorbed peak is spread over only 2 column-volumes of the effluent, a result that would be acceptable by the standards of many present-day protein purifications (see Fig. 2a ). In general, the same comments may be made when KPA = 10EM-1 except that the concentration of the desorbed peak is lower in every case and there is considerably more 'tailing'. Provided that KPA is kept as low as possible, therefore, biospecific desorption will be a viable purification step even when as much as 80% of the when the loaded protein is stoicheiometrically equivalent to the available adsorption sites, there is some leakage in the early wash fractions. However, most of the protein is eluted immediately after the ligand front in an initially sharp but highly asymmetrical peak. More than 80% of the adsorbed protein is released within 2 column-volumes of the ligand front. As the sample loading is decreased there is an increasing delay before the emergence of the main protein peak, whose asymmetry is concomitantly diminished. When the concentration is less than about 1,UM, the desorbed peak becomes symmetrical and its elution position is independent of further decrease in sample concentration. The column is then being operated over the linear part of the adsorption isotherm for the formation of the PLA complex, as in normal high-resolution chromatography. For (Yon, 1977; Grayson et al., 1979; Yon & Grayson, 25 1979) Elution profiles of the required protein ( ) and cases where B is a substantial fraction less than 1. of the contaminant (----) For the column modelled in the present paper KPA was confined to the range 106-107M-1. This suggests a relatively small number of non-covalent bonds between adsorption site and unliganded protein, by analogy with known protein-ligand association constants. For example, many dehydrogenase enzymes bind their coenzymes with association constants in the same range; in the case of NAD+ binding to lactate dehydrogenase there are six non-covalent bonds involved (Adams et al., 1973) . For most proteins an adsorption involving such a small number of bonds would be relatively weak, since a typical protein has a much higher potential for interaction with the column on account of its extended size and the large number of active groups on its surface. This potential for excessive interaction between proteins and some types of adsorbent has long been recognized as the reason for the tendency to 'all-or-nothing' behaviour, the value of KPA tending either to zero or to an extremely high value (Tiselius, 1954; Giddings, 1967; Morris & Morris, 1976) . The requirement for KPA to be in the range 1O6_107 M-therefore calls for careful and critical adjustment of the protein-adsorbent interaction. There are several possible ways of achieving this, e.g. decrease in the density of substitution of the stationary phase or manipulation of solvent factors such as pH or ionic strength. An example of such adjustment to optimize KPA was described in experiments on the adsorption of pig heart malate dehydrogenase on an 'imphilyte' and its desorption by NADH (Yon, 1977) . It is perhaps significant that the most productive use of ion-exchangers in biospecific desorption appears to involve cationexchangers (phosphocellulose and CM-cellulose) at near-neutral pH conditions, when the adsorption of most proteins (isoelectric points in the range 5-7) must be very weak (see, e.g., Scopes, 1977a,b) .
Computer simulation studies have provided some general conclusions on optimizing biospecific desorption in protein chromatography. For convenience these are summarized again here. (1) Adsorption of the unliganded protein should not be excessively strong; the weakest adsorption compatible with efficient washing of the loaded column should be used. (2) The column should be loaded to near-saturation with the required protein. (3) The concentration of the ligand front may need to be much higher than the concentration giving nearsaturation of the protein in free solution, and care must be taken to ensure that the introduction of the ligand does not significantly disturb the bulk solution properties of the irrigant. (4) When the required protein is a very small fraction of the total protein present, it may be necessary to subject it to several purification steps before application of biospecific desorption.
Finally, an important problem that has not been discussed in the present paper is adsorption-site heterogeneity. Such heterogeneity must be considered whenever mixed multivalent adsorption on adsorbents with high densities of substitution is under study, since there will then be a high probability that more than one distribution of active groups on the protein surface can be matched by a complementary adsorbing distribution on the stationary phase.
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